Introduction
Non-injurious mechanical stimulation by touch, shake, rub or wind is known to cause vario u s m o r p h o l o g i c a l a l t e r a t i o n c a l l e d thigmomorphogenesis in plants. For instance, non-injurious mechanical stimulation inhibits elongation growth and pronounces the radial growth of stems (Jaffe 1976; Jaffe and Biro 1979) . Thigmomorphogenesis also affects the sex expression of flowers and the tolerance of plants to various environmental stresses (Jaffe and Biro 1979; Takahashi and Suge 1980) . Plant responses to mechanical stimuli that would be caused by vibration in the space transportation system such as space shuttle or space station could thus be an important subject to study for the control of plant growth and development in space (Suge 1987) . Because gravity generates physical force on Earth, weightlessness may also affect thigmomorphogenetic responses of plants in space.
Cytological and biochemical aspects of the thigmomorphogenesis, hormonal relationships in particular, have been studied to some extent (Neel and Harris 1971; Turgeon and Webb 1971; Hiraki and Ota 1975; Mitchell et al. 1975; Jaffe 1976; Suge 1978; Jaffe and Biro 1979; Biro et al. 1980; Erner and Jaffe 1982; Beyl and Mitchell 1983; Telewski and Jaffe 1986; Takano et al. 1995) . Of particular interests, Yeoman and Brown (1971) reported that mechanical stress due to compression by bending configuration of the explants from artichoke (Helianthus tuberosus) tuber accelerated cell division in the developing callus. Although the effects of mechanical stimulation on the cell division in whole plants may differ from that in explants, it may be worthwhile to s t u d y t h e i n t e r a c t i o n s b e t w e e n thigmomorphogenesis and callus formation in whole plants.
Accordingly, the present study was undertaken to examine the relationship of the thigmomorphogenetic response to callus formation in both whole plants and excised internodes of beans.
Materials and Methods
Seeds of garden beans (Phaseolus vulgaris L. cv. Kurodane-kinugasa, Takii Seed Co., Kyoto, Japan) were sown in clay pots filled with soil composite. Plants were grown before and during the experimental treatments under a 14 h photoperiod at 25 ± 1˚C in the growth chamber (Koitotoron Type KG, Koito Industries Co., Yokohama, Japan). The irradiance during the day-time was approximately 13 W m -2 at the pot level. When plants were 5-days old and the first internodes were approximately 1.5 cm long, mechanical stimulation was applied to the first Abstract We have examined the effect of non-injurious mechanical stimulation on callus formation of stem tissues. Mechanical stimulation by rubbing substantially promoted the wound-induced callus formation on the stems of beans (Phaseolus vulgaris L.). The promotion of callus formation also was observed in in vitro culture of the tissues excised from mechanically stimulated stems of beans. The results imply that mechanical stimulation induces some pysiological changes preference for cell division in developing callus. internodes according to the method described by Jaffe (1976) . The internode was gently rubbed up and down five times between thumb and forefinger. The mechanical stimulation was given once daily for three days. The rubbing is known to cause no injury on the surface of the tissues (Jaffe and Biro 1979) . In order to produce the wound-induced callus, the surface of middle of the first internode was partially cut approximately 1 mm deep with a razor blade. Callus formation was observed 10 to 12 days after the wounding treatment. The amount of callus was recorded by classifying the degree of the formation in four classes as shown in Fig. 1A -D. Twenty to 25 plants were used for each treatment and the experiment was replicated more than three times.
For the tissue culture experiments, the whole first internode was obtained from the control and the mechanically stimulated plants. A 1-cm section of the middle part of the internode was excised after sterilizing with 70% ethanol for ten seconds followed by 1% sodium hypochlorite for seven min. The excised sections were washed with sterile water and aseptically placed on a 10 mL slanted culture medium (Murashige and Skoog Plant Salt and Minimal Organic Mixture, Flow Laboratories, Irvine, Scotland) in a test tube (17.5 x 130 mm). The medium contained 0.8% agar, 3% sucrose, and 2,4-D at the concentration of 2 mg L -1 and was adjusted to pH 5.8. Twenty control and 20 mechanically stimulated segments were explanted in each of 40 test tubes and placed under continuous fluorescent light (0.73 W m -2 ) at 25 ± 1˚C in an incubator. The tissue culture experiment was replicated twice.
Results and Discussion
As shown in Table 1 and Fig. 1E , mechanical stimulation by rubbing induced a typical syndrome of thigmomorphogenesis in bean internodes. The mechanically stimulated internodes showed lesser elongation and more thickening of the internodes compared to the control. Although only the first internodes were rubbed for m e c h a n i c a l s t i m u l a t i o n , t h e m a r k e d thigmomorphogenetic effect was also seen in the second internodes (Fig. 1E) . We have examined the relationship of the thigmomorphogenetic syndrome to wound-induced callus formation in whole bean plants. When the first internodes were partially wounded by a razor blade, the wound-induced callus formation was unequivocally more pronounced in the mechanically stimulated internodes as compared to the control (Table 2 , Fig. 1A-D and 1F ). Seventy % of the mechanically stimulated internodes produced callus of classes III and IV, whereas more than 90 % of the control internodes were of classes I and II. It should be considered to develop a method for quantitative determination of the amount of callus formed on the wound surface of the tissues, but the results show that the pretreatment with non-injurious mechanical stimulation effectively promotes cell division on the wound surface of bean stems.
Callus formation by the excised internode sections also was promoted when the internodes were pretreated with mechanical stimulation prior to the excision for in vitro culture (Fig. 1G) . Initial fresh weight of the excised sections (1 cm long) from the mechanically stimulated internodes were much greater than those from the controls because of the enhanced radial growth due to mechanical stimulation (Table 3) . However, the increase of the tissue weight during the 6-day incubation was still significantly greater in the mechanically stimulated tissue than the con- Table 1 . Elongation and thickening of the first internodes in intact beans as affected by mechanical stimulation.
Treatment
Internode length (mm) Thickness (mm) Control 48.4 ± 1.8 (n=20) 2.67 ± 0.05 (n=20)
Mechanically stimulated 30.8 ± 1.0 (n=24) 3.17 ± 0.06 (n=24)
Measurement was taken 12 days after the last treatment with mechanical stimulation. Data represent the mean ± standard error.
trol. These observations suggest that mechanical stimulation induces some physiological changes preference for callus formation in bean tissues.
Our observation is consistent with that in the explants of artichoke tuber by which mechanical stress due to bending was shown to accelerate cell division (Yeoman and Brown 1971) . In the present study, however, the response was shown as a part of thigmomorphogenetic effect in growing stems. Yeoman and Brown (1971) discussed the effect of mechanical stress to cell walls due to compression or stretching on the distribution of cell division in the mature stems of a dicotyledon. They explain that the compression effect against the radial walls increases as the secondary thickening proceeds in stems. Then, the changes in mechanical configuration of the walls may somehow stimulate cell division. The mechanically stimulated (by rubbing) bean internodes could be an example of this, because of the increased radial growth and stunting of the internodes that might generate the stress on the walls. Biro et al. (1980) showed that the thickening of bean internodes by mechanical stimulation was anatomically attributed mainly to increased expansion of cortical cells and increased secondary xylem production resulting from increased cambial activity. The increased cambial activity due to mechanical stimulation also was reported in Pinus taeda (Telewski and Jaffe 1986) . Their observation explains at least in part the promotion of the wound-induced callus formation by mechanical stimulation, for the cambial activity plays an important role in the formation of healing callus (Davidson et al. 1976; Phillips 1976 ). Because the ratio or level of growth hormones, especially of auxin and cytokinin has generally been considered to regulate cambial activity and callus formation in the wounded or explanted tissues (Davidson et al. 1976; Phillips 1976; Imaseki 1985) , the hormonal changes due to mechanical stimulation may be a cause of the pronounced callus formation. In bean internodes, mechanical stimulation has been shown to bring about auxin accumulation, increase of ethylene and ABA biosynthesis, and decrease of gibberellin production (Suge 1978; Jaffe and Biro 1979; Erner and Jaffe 1982) . Activity of cytokinin has also been reported to be increased by mechanical stimulation in xylem exudates of Helianthus annuus (Beyl and Mitchell 1983) . Application of cytokinins to the internodes substantially pronounced the formation of wound-induced callus in beans (unpublished data).
It is, therefore, possible that promotion of callus formation by mechanical stimulation is attributed in part to changing of the hormone interaction regulating cambial activity as well as to changing mechanical properties of the walls. These possibilities should be further clarified in future study. 
